Igf2 and H19 are physically linked imprinted genes. In embryonic liver, their reciprocal expression (paternal for Igf2 and maternal for H19) is controlled by a paternally methylated region (H19 DMD) located 5 0 of H19. This region contains a methylation-sensitive insulator that prevents the Igf2 promoters being activated by downstream enhancers on the maternal chromosome. In adult liver, Igf2 is normally not expressed but is reactivated upon tumour formation. By analysing three deletions of the H19 locus, we investigated the mechanism regulating the imprinted expression of the Igf2 gene in the course of liver tumourigenesis. We observed that the role of the H19 DMD in the control of Igf2 expression changes during tumourigenesis. The H19 DMD is required on the paternal chromosome for Igf2 activation in the early stages while its maternal allele is necessary for maintaining Igf2 imprinting only in the late stages. A positive regulatory function of the paternal H19 DMD is also evident in normal neonatal liver, but its relevance for Igf2 expression becomes higher in the second post-natal week. Our results support a model in which both methylated and nonmethylated parental copies of the H19 DMD have active roles in the regulation of Igf2 expression in the liver and these activities are under developmental control.
INTRODUCTION
A subset of mammalian genes is controlled by genomic imprinting. These genes have their alleles expressed or repressed depending on their parental origin from mother or father. Correct imprinting is important in normal development and growth and disordered imprinting has been implicated in the pathogenesis of genetic diseases and cancer (1) (2) (3) . Imprinted genes are epigenetically modified during gametogenesis so that their expression becomes dependent on the gametic origin (4, 5) . DNA methylation is required to maintain genomic imprinting and many imprinted genes have sequences which are differentially methylated between the parental alleles (DMR or DMD). These often correspond to regulatory elements controlling the expression of one or more imprinted genes. Many different mechanisms are involved in the process of translating the imprinting marks into monoallelic expression (4) (5) (6) . While much information on imprinting mechanisms is available in normal organisms, the way imprinted expression works and is deregulated in pathological conditions and particularly in cancer is less understood (3).
The insulin-like growth factor 2 gene (Igf2) codes for a mitogenic peptide with important roles in the control of embryo and placenta growth and implicated in the pathogenesis of human cancer and the overgrowth and cancer-associated Beckwith-Wiedemann Syndrome (1) (2) (3) . Igf2 forms with H19 a couple of physically and functionally linked imprinted genes located in an evolutionary conserved chromosome region (human 11p15.5 and mouse distal 7) (4,7). The Igf2 and H19 genes are reciprocally imprinted. However, although Igf2 is expressed only by its paternally inherited allele and H19 only by the maternal allele, these two genes are coordinately transcribed during embryonic development. This is due to tissue-specific enhancers located downstream of the H19 gene, which are used by both Igf2 and H19 (8) (9) (10) . A paternally methylated DMR (H19 DMD) is present 4 kb upstream of H19 (11) . The first evidence that this region was required for Igf2 imprinting was obtained from mice carrying a deletion (D13) including the H19 gene and 10 kb of its 5 0 -flanking sequence (12) . This mutation resulted in biallelic expression of the Igf2 gene and overgrowth when maternally transmitted (12) . A similar although less extensive reactivation of the maternal Igf2 *To whom correspondence should be addressed. Tel: þ39 823274599; Fax: þ39 823274605; Email: andrea.riccio@unina2.it allele was observed in the mice following maternal transmission of a 1.6 kb deletion (DDMD) that removed most of the H19 DMD but left the H19 gene intact (13) . In contrast, removal of the H19 transcriptional unit had little or no effect on Igf2 imprinting (14, 15) . More recently, the H19 DMD was shown to harbour a chromatin insulator (16) (17) (18) (19) . This element binds the protein CTCF and its binding is prevented by CpG methylation (16, 17) . A targeted mutation of the CTCF sites demonstrated that these are needed for the enhancer-blocking activity and for preventing the maternal DMD from becoming methylated post-zygotically (20) . Thus, the reciprocal imprinting of the Igf2 and H19 genes is explained by the gamete of origin-specific methylation of the H19 DMD. According to this model, the unmethylated DMD present on the maternal chromosome limits the action of the enhancers to the H19 promoter, while methylation of the DMD inactivates the insulator on the paternal homologue, thereby allowing activation of the Igf2 promoter by the enhancers.
The expression of the Igf2 and H19 genes is shut off after birth in the majority of tissues. We have previously shown that Igf2 and H19 were coordinately reactivated in adult liver upon induction of tumourigenesis and that their imprinting was maintained (21) . The H19 endodermal enhancer was necessary for Igf2 activation in the liver tumours and the deletion of the paternal enhancer led to marked delay in tumour development (22) . By analysing three different deletions of the H19 locus ( Fig. 1 ), in this paper we investigate the mechanisms regulating the imprinted expression of the Igf2 gene in the course of liver tumourigenesis. We found that the H19 DMD has different functions in the control of Igf2 expression: (1) its paternal allele is required for Igf2 activation in the early stages of tumourigenesis; and (2) its maternal allele is needed for maintaining the imprinting in the late-occurring tumours. We also observed that the role of the H19 DMD changes during normal liver development. The maternal H19 DMD is required for maintaining the imprinting of Igf2 in the embryo and newborn, while the paternal H19 DMD is needed for Igf2 expression mainly after the first post-natal week.
RESULTS
Deletion of H19 and 10 kb of 5 0 flanking region results in lack of activation of Igf2 during early liver tumourigenesis It was previously shown that a deletion (H19D13) covering the H19 gene and 10 kb of its 5 0 -flanking sequence and including the H19 DMD (Fig. 1 ) resulted in a strong reactivation of the maternal Igf2 allele in the embryos following maternal transmission of this mutation (12) . No phenotype was evident upon paternal transmission. Since we had previously observed that Igf2 was reactivated in adult liver during tumourigenesis and that its imprinting was maintained (21), we wanted to analyse the effect of the H19D13 mutation during tumourigenesis. The experimental liver tumourigenesis system previously used by our group (21) was chosen for this purpose. This system consists of a transgenic mouse line carrying the SV40 Tag oncogene under the control of a liver-specific promoter (23) . The males of this transgenic line have a low but constitutive expression of the viral oncogene, which after formation of hyperplastic foci and neoplastic nodules, eventually leads to the development of multiple hepatocellular carcinomas by 4-5 months of age. The females do not express the SV40 Tag and do not develop tumours, unless they are treated with the bacterial lipopolysaccharide (LPS), which induces the transgene promoter. Activation of the viral oncogene triggers the liver carcinogenesis process. This allows the analysis of tumourigenesis from its very early stages. Before breeding, the mice of the H19D13 and SV40 Tag lines were maintained on different genetic backgrounds (C57BL/6 and BALB/c, respectively; see Materials and Methods), so that maternal and paternal Igf2 alleles could be distinguished on the basis of polymorphisms in the offspring. Reciprocal crosses were set up between heterozygous H19D13 mice and homozygous SV40-Tag transgenic mice. The offspring carried the SV40 Tag in hemizygosis and either the wild-type H19 locus in homozygosis (wt) or H19D13 in heterozygosis (either paternally inherited, pat D13 or maternally inherited, mat D13). In these mice, the relative contribution of the maternal and paternal alleles to Igf2 expression was determined by RT-PCR amplification ( Fig. 2A and C) and the overall expression of the Igf2 gene was measured by RNAse protection assay ( Fig. 2B  and D) . Igf2 imprinting and overall expression were analysed at post-natal day 1 and in 2-month-old females after induction of tumourigenesis. In the newborns, we observed exclusive expression from the paternal Igf2 allele in the wt mice ( Fig. 2A, lanes 2 and 6) , as expected from the imprinting of this gene. The allele-specific expression was lost and both parental alleles were efficiently expressed in the mice following maternal transmission of the D13 mutation (mat D13, Fig. 2A , lane 8), but imprinting was normal in the mice inheriting D13 from the father (pat D13 mice, Fig. 2A, lane 4) , consistent with previously published data (12) . The overall level of Igf2 mRNA was normal in the pat D13 newborn mice (Fig. 2B ) and approximately doubled in the mat D13 mice (Fig. 2B) . Igf2 imprinting and expression was then determined in the adult mice ( Fig. 2C and D) . In the 2-month-old females (either wt or D13), Igf2 (as well as H19) was not expressed (Fig. 2D , first lane and data not shown). We have previously observed that Igf2 is activated early during liver tumourigenesis (22) , so the effect of D13 on Igf2 imprinting and expression was first analysed in total liver, 3 days after the induction of the SV40 Tag oncogene. The results showed that the Igf2 gene was activated more than 100-fold in the LPS-treated wt mice and that only the paternal allele was expressed ( Fig. 2D and C, lanes 1 and 5) . Surprisingly, however, the effect of the H19D13 mutation was different from that seen in the newborns. The allele-specific RT-PCR showed that the maternal Igf2 allele was not derepressed in the adult mat D13 mice (mat/pat ratio, 0.05; see Fig. 2C , lane 7) as it was in the mat D13 newborns (mat/pat ratio, 0.72; see Fig. 2A, lane 8) . Likewise, the paternal Igf2 allele was not activated in the adult pat D13 mice (Fig. 2D) as it was in the pat D13 newborns (Fig. 2B) . In other wt and H19D13 female mice, oncogene activation was perpetuated for up to 90 days by longer LPS treatment. We have previously observed that, under such treatment, Igf2 activation reaches very high levels in the liver of wt mice, although neoplastic nodules develop only a few months later (21) . Even after this longer treatment, the expression of the paternal Igf2 allele in the pat D13 mice and the expression of the maternal Igf2 allele in the mat D13 mice remained very poor (data not shown). This clearly indicates that the region deleted in H19D13 is required in cis for activation of the paternal Igf2 allele during the early stages of liver tumourigenesis. The lack of derepression of the maternal Igf2 allele upon maternal transmission of the H19D13 deletion is consistent with a positive function of this region for Igf2 expression.
We have previously demonstrated that the hemizygous SV40 Tag male mice (that constitutively express the transgenic oncogene) spontaneously develop liver tumours with an increasingly higher frequency between the ages of 120 and 141 days and that the lack of Igf2 activation due to the deletion of the H19 endodermal enhancer causes a significant delay in tumour formation (22) . In order to test the relevance of the H19D13 deletion for Igf2 activation during tumourigenesis, we compared the development of liver tumours in the pat D13 and wt male mice. The wt mice showed neoplastic nodules since the age of 120 days and reached the frequency of 75-80% animals with tumours by the age of 141-148 days (14/17 and 12/16, respectively). In contrast, none out of six pat D13 mice had developed any tumour by 141 days and none out of three by 148 days (Table 1) . Thus, paternal transmission of the H19D13 deletion causes a delay in the process of liver tumourigenesis of more than 3 weeks, indicating that the impairment in Igf2 activation is very relevant in these mice.
After 5 months of age, almost all the SV40 Tag male mice with the wt H19 locus developed liver tumours which soon became large neoplastic masses and caused death of the animals. The pat D13 mice lived longer (>6 months) than the wt, probably because of the delayed tumour development. During the sixth month of life, liver tumours began to develop also in the pat D13 mice. By 180 days of age, multiple tumours were found in the majority of these animals. We dissected the neoplasms and analysed the expression of the Igf2 gene. About two-thirds of the tumours arisen in the Pat D13 mice did express Igf2 at levels which were more than 100-fold higher than those present in the peri-neoplastic tissue (P) and approached those detected in the wt mice ( Fig. 3B and data not shown). In the pat D13 as in the wt tumours, Igf2 imprinting was maintained ( Fig. 3A and data not shown). We then analysed the neoplasms developed in the mat D13 mice. Exclusive or predominant expression of the paternal Igf2 allele was detected in one-third of the tumours arisen in these mice and in the peri-neoplastic tissue (P, Fig. 3C ). However, the other two-thirds of the tumours expressed the maternal Igf2 allele to a level much closer to that of the paternal allele (Fig. 3C ). Analysis of the early stages of liver tumourigenesis. RNAs extracted from 2-month-old female mice with the same genotypes of (A, B) either before or after induction of the transgenic oncogene by bacterial LPS (3 day-treatment) were analysed as in (A, B). Igf2 alleles were RT-PCR amplified with primers flanking the Igf2 (CA) n repeat and the PCR products separated by electrophoresis on denaturing polyacrylamide-urea gels (21) . The a and b alleles differed by 8-12 bp in length. The relative expression of the maternal and paternal Igf2 alleles (mat/pat) was calculated from the intensities of the RT-PCR bands. The mice derived from reciprocal crosses between the H19D13 (C57BL/6) and the SV40 Tag (BALB/c) lines. The wt animals therefore expressed either the Igf2a (BALB/c) or b (C57BL/6) alleles, depending on parental inheritance. To test for contamination by genomic DNA, RNA samples were run in duplicate with (þRT) or without (ÀRT) addition of reverse transcriptase. The DNA derived from a CRP-Tag H19 wt mouse was analysed as control (A, lane 1). The shorter PCR product (b allele) was amplified to some extent more efficiently than the longer one (a allele), but the relative intensities were reproducible within the same experimental conditions. The Igf2 and H19 RNA levels measured by RNase protection are expressed in arbitrary units (wt ¼ 100) and reported in tables. The exposure time of the gels analysing the adult mice was 5-fold longer than that of the newborns. The samples shown in this figure are representative of a series of at least three experiments with very similar results. Note that the maternal Igf2 allele is not derepressed in the mat D13 mice and the paternal Igf2 allele is not activated in the pat D13 mice upon induction of tumourigenesis in adult liver.
Human Molecular
All mat D13 tumours showed elevated Igf2 expression and no correlation was found between Igf2 mRNA levels and Igf2 imprinting (Fig. 3D ). So, Igf2 was highly expressed in many liver tumours developed in the pat D13 mice and the maternal Igf2 allele was efficiently derepressed in many tumours arisen in the mat D13 mice. Thus the region deleted in H19D13, which is required for activation of the paternal Igf2 allele in early tumourigenesis, is not necessary in the late stages. Consistent with this observation, maternal transmission of H19D13 results in derepression of the maternal Igf2 allele in the liver tumours but not in early liver tumourigenesis.
Igf2 activation is not affected by deletion of the H19 gene
The region missing in the H19D13 mice including the H19 gene and 10 kb of 5 0 region is required for Igf2 activation during early liver tumourigenesis. In order to better define the DNA region needed for Igf2 expression, we took advantage of two mouse lines carrying smaller deletions of the H19 locus shorter than H19D13. The first of these lines (D3), generated by Ripoche et al. (14) , harbours a deletion covering the entire transcription unit of the H19 gene and 50 bp of its promoter (Fig. 1) . As with the H19D13 line, the heterozygous H19D3 mice were reciprocally crossed with the homozygous SV40 Tag transgenic mice and imprinting and overall expression of the Igf2 gene were analysed in their offspring. These mice carried the SV40 Tag oncogene in hemizygosis and either the wildtype H19 locus in homozygosis or H19D3 in heterozygosis (either paternally inherited, pat D3 or maternally inherited, mat D3). Igf2 imprinting and overall expression were analysed in the newborn and in the adult mice early after the induction of tumourigenesis (3 day-LPS treatment). The results obtained showed that the H19D3 mutation (either paternally or maternally inherited) did not affect Igf2 imprinting and expression in the liver of the newborns, consistent with previous data (14 and data not shown). Similarly, no difference was observed in Igf2 imprinting and overall Igf2 expression between the wt and either the pat D3 or mat D3 adult mice after LPS-induction of the transgenic oncogene (data not shown). This clearly demonstrates that the region deleted in H19D3 is dispensable for Igf2 activation in the liver, both in normal development and tumourigenesis.
The H19 DMD is required for Igf2 activation during early liver tumourigenesis
The observations that the maternal Igf2 allele is not derepressed in the mat D13 mice and the paternal Igf2 allele is not activated in the pat D13 mice during early liver tumourigenesis but Igf2 activation is normal in the pat D3 mice, indicate that the cis-acting sequences required for Igf2 activation resides in the 10 kb region upstream of H19. We then analysed the H19DDMD line harbouring a 1.6 kb deletion of the H19 DMD (13) (Fig. 1) . H19DDMD causes reactivation of the maternal Igf2 allele associated with a reduction of H19 expression in the embryos following maternal transmission of the mutation and reactivation of the paternal H19 allele associated with a reduction of Igf2 expression in the embryos following its paternal transmission (13) . Also with the H19DDMD mice, we followed the scheme of reciprocal crosses with the SV40 Tag mice described above. In this case, the expression and imprinting of both the Igf2 and H19 genes were analysed in the liver of the offspring (Fig. 4) . Consistent with the results of Thorvaldsen et al. (13), we observed derepression of the maternal Igf2 allele in the mat DDMD newborns (mat/pat ratio, 0.51; Fig. 4A, lane 8) and derepression of the paternal H19 allele in the pat DDMD mice (pat/mat ratio, 0.41; Fig. 4A, lane 13 ). Also consistent with what was reported by these authors, the RNase protection assay showed a 2-3-fold reduction in the overall Igf2 mRNA level of the pat DDMD newborn mice and a 2-fold reduction in the H19 RNA level of the mat DDMD newborns, when compared with the wt animals (Fig. 4B) . We then analysed the effect of DDMD in the adult mice, after induction of the transgenic oncogene by LPS (Fig. 4C and D) . Differently from what was observed in the mat and pat DDMD newborns (Fig. 4A, lanes 8 and 13) , the maternal Igf2 allele was not derepressed in the adult mat DDMD mice (mat/ pat ratio, 0.03; Fig. 4C, lane 7) and the paternal H19 allele was poorly activated in the adult pat DDMD mice (pat/mat ratio, 0.12; see Fig. 4C, lane 11) . Also, the overall activation of the Igf2 gene was very inefficient (11-fold less than wt) in the adult pat DDMD mice (Fig. 4D ) and the overall H19 activation significantly impaired (5-fold weaker than wt) in the adult mat DDMD mice (Fig. 4D) , when compared with the pat and mat DDMD newborns (Fig. 4B) . These results clearly demonstrate that the H19 DMD is required for the activation of the Igf2 (and H19) gene during early tumourigenesis. Interestingly, the H19DDMD deletion also affects Igf2 (and H19) expression in neonatal liver, but this effect becomes dramatic upon induction of tumourigenesis in adult liver. Moreover, in the LPS-treated adult pat DDMD mice, the lack of activation of the paternal Igf2 allele did not correspond to a stronger reactivation of the paternal H19 allele and, in the LPS-treated adult mat DDMD mice, the weaker activation of the maternal H19 allele was not compensated by a more intense derepression of the maternal Igf2 allele. Rather, the DDMD deletion affected the activation of both the Igf2 and H19 genes on the mutant chromosome, indicating that the effect of the inhibition in the adult liver was not mediated by promoter competition (in the absence of the insulator) but likely caused by a positive regulatory function of the DMD. Fractions of male mice carrying the SV40 Tag oncogene in hemizygosis, in which one or more neoplastic nodules larger than 3 mm had arisen. The difference at 141 days is highly significant (P < 0.001).
Accelerated post-natal silencing of the Igf2 gene in the mice lacking the H19 DMD
The results reported in the previous section demonstrates that the H19 DMD has an important positive regulatory function needed for activation of the Igf2 gene during the early phases of liver tumourigenesis occurring in adult mice. This activity is absent or less relevant in the liver tumours and in neonatal liver. We therefore wanted to investigate the effect of the DDMD deletion in normal mouse liver during the first 3 weeks of life. In the rodents, the expression of the Igf2 gene is progressively extinguished during this period, in all tissues but choroid plexus and leptomeninges (24, 25) . The mat DDMD mice were analysed first ( Fig. 5A and B) . These mice express Igf2 biallelically at birth (13) . We observed that from post-natal day 1 to day 14 Igf2 expression derived from the mutant DDMD chromosome was down-regulated more rapidly than that from the wild-type allele (Fig. 5A) . At day 1, the expression from the wild-type allele exceeded that of the mutant allele 2-fold, while at day 14 the difference was 12-fold. This effect was liverspecific, since the Igf2 alleles from the mutant DDMD and wild-type chromosomes had equivalent expression at post-natal day 14 in skeletal muscle, spleen, gut and brain (Fig. 5B) . We then analysed the effect of the paternal transmission of DDMD.
The results showed that in the liver the post-natal decline of the Igf2 mRNA level in the pat DDMD mice was more precocious and rapid than in the wt mice, in which Igf2 expression only decreases after day 7 (Fig. 5C ). However, Igf2 expression profiles were similar for wt and pat DDMD mice in the gut, skeletal muscle and heart between day 1 and day 21 after birth ( Fig. 5D ). These results clearly indicate that the H19 DMD has two distinct functions in the control of Igf2 expression: a positive role which is exerted by the paternal allele and is particularly relevant in the post-natal liver and a negative role which is exerted on the maternal chromosome and is needed for imprinting control in embryonic-neonatal liver and in nonhepatic tissues.
DISCUSSION
During embryogenesis, the H19 DMD controls the reciprocal imprinting of the Igf2 and H19 genes by means of its methylation-sensitive insulator activity (13, (16) (17) (18) (19) (20) . In this paper we show that the H19 DMD plays a different role in the control of Igf2 expression in adult liver. In the early phases of liver tumourigenesis and in normal liver since the second post-natal week, the H19 DMD is strongly required for activation of the Igf2 gene. This is demonstrated by the poor activation of the paternal Igf2 allele in the mice following paternal transmission of the H19 DDMD deletion and by the lack of derepression of the maternal Igf2 allele in the mice following maternal transmission of the H19 DDMD. However, in the liver tumours the paternal Igf2 allele is activated and the maternal Igf2 allele is derepressed in the absence of the H19 DMD in cis, indicating that the positive function of this regulatory region is dispensable in late liver tumourigenesis and that the H19 DMD is required on the maternal chromosome for imprinting control at this stage. In neonatal liver, the expression of the paternal Igf2 allele is unaffected by the H19D13 deletion in cis, while it is reduced 3-fold by the H19DDMD deletion (12, 13, 26) . We observed that the activation of the paternal Igf2 allele was strongly impaired (>10-fold) in the adult liver of both pat D13 and pat DDMD mice, upon induction of tumourigenesis. The severity of Igf2 inhibition was confirmed by the observation that tumour formation was significantly delayed in the liver of the pat D13 mice. In addition, a progressively increasing defect in the expression of the Igf2 gene from the paternal DDMD chromosome was detected between day 1 and day 14 after birth, a time window during which liver maturation is completed.
No such effect was observed in tissues other than the liver, indicating that the positive regulatory function of the H19 DMD in the control of Igf2 expression is liver-specific and developmentally regulated. It has been proposed that the reason DDMD affects paternal Igf2 expression in neonatal liver and H19D13 does not is the presence of the H19 gene in DDMD (13) . At this developmental stage, this gene is derepressed and may compete with Igf2 on the paternal chromosome of the pat DDMD mice, once the insulator has been removed. In the adult liver, however, we observed that Igf2 activation occurring during early tumourigenesis is affected by the lack of the H19 DMD even in the absence of the H19 gene (D13). Moreover, the lack of Igf2 activation is not associated with the derepression of the paternal H19 allele (DDMD). This clearly shows that the paternal H19 DMD has a direct positive control function on Igf2 expression in the liver.
The positive function of the H19 DMD in the liver is particularly relevant post-natally. After birth, Igf2 is downregulated in the majority of rodent tissues. However, the kinetic of this decline shows tissue-specific differences, with the liver being the tissue in which Igf2 expression persists longer Figure 2 . H19 alleles were amplified by using primers flanking a MspI RFLP and the PCR products separated by electrophoresis on non-denaturing polyacrylamide gels after digestion with MspI (34). As described in Figure 2 for the Igf2 gene, the wt mice expressed either the Igf2a (BALB/c) or b (C57BL/6) alleles and either the H19a (C57BL/6) or b (BALB/c) allele, depending on parental inheritance. Note that upon induction of tumourigenesis the maternal Igf2 allele is not derepressed and the maternal H19 allele is only weakly activated in the adult mat DDMD mice and the activation of the paternal Igf2 allele is very inefficient and that of the paternal H19 allele severely impaired in the adult pat DDMD mice.
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Human 24, 25) . Interestingly, an element controlling negatively the post-natal expression of Igf2 in the mesodermal tissues has been identified near the Igf2 gene (25) . It has been proposed that the silencing of the Igf2 gene may be linked to major events of tissue maturation occurring over the perinatal and neonatal period (24) . It is possible that the fine regulation of the levels of the Igf2 peptide required in the various tissues at this developmental stage is exerted through the activities of several tissue-specific cis-acting elements. Maternal transmission of the H19D13 and H19DDMD deletions results in derepression of the maternal Igf2 allele in newborn mice (12, 13) . Strikingly, we observed no activation of the maternal Igf2 allele in the adult mat D13 and mat DDMD mice during the early phases of liver tumourigenesis and in the mat DDMD mice in normal liver at post-natal day 14. Since the effect of the deletions on the maternal Igf2 allele paralleled that on the paternal allele, it is likely that the lack of activation of the maternal Igf2 allele is due to the absence of the positive function of the H19 DMD on the maternal chromosome. Thorvaldsen et al. (13, 26) reported that the presence of DDMD in cis decreases the expression of the maternal H19 allele in newborn mice in a tissue-specific manner. We observed that maternal transmission of DDMD strongly affects H19 expression in early liver tumourigenesis, indicating that the positive function of the H19 DMD on H19 expression is particularly relevant in the adult liver. This is consistent with the observation that the paternal H19 allele is not derepressed in the pat DDMD mice during early liver tumourigenesis.
The data available do not define how the DMD exerts its positive function on Igf2 and H19 expression. The H19 DMD is methylated on the paternal chromosome and unmethylated on the maternal one throughout mouse development (11) . We have not observed any evidence of demethylation in this region upon liver tumourigenesis (data not shown). Therefore, our results indicate that the deletion of the methylated copy of the DMD prevents the activation of the paternal Igf2 allele while the deletion of the non-methylated DMD strongly affects the activation of the maternal H19 allele in early liver tumorigenesis. Both activities could be mediated by the same cis-acting element and the interaction with the cognate trans-acting factor not influenced by DNA methylation. On the wt maternal chromosome, the insulator function of the DMD would limit the effect of this positive element to the H19 promoter. Alternatively, DNA methylation may be required for Igf2 activation on the paternal chromosome. In this context, it is worth mentioning that two additional DMRs (DMR1 and DMR2) methylated on the paternal chromosome are present in the Igf2 gene (27) and that one of these (DMR2) is a positive element, whose activity is increased by DNA methylation (28) . The H19 DMD lacks liver-specific enhancer activity, if transfected into human hepatoma cells (16, 29) . It is possible that an enhancer function is evident only in normal liver or that the H19 DMD is required for the higher-order chromatin structure of the Igf2-H19 locus and this activity may be difficult to detect in transfection studies.
Contrary to the early stages of tumourigenesis, the paternal Igf2 allele was strongly activated in many liver tumours that arose in the pat D13 mice and the maternal Igf2 allele was efficiently derepressed in the majority of the neoplasms developed in the mat D13 mice. This indicates that the positive function of the H19 DMD is not absolutely required for Igf2 activation in late stages of liver tumourigenesis. However, the unmethylated maternal copy of the H19 DMD is needed for maintaining Igf2 imprinting at this stage. Therefore, the H19 DMD changes its function during liver tumourigenesis and plays similar roles in normal neonatal liver and liver tumours. Perhaps, in mitotically active cells, such as those of the embryonic-neonatal liver or liver tumours, the endodermal enhancer can activate the Igf2 promoter more efficiently, but the auxiliary function of the H19 DMD might be needed in a quiescent tissue such as the adult liver. Alternatively, the transacting factors interacting with the endodermal enhancer may be more abundant or active in the embryonic-neonatal liver and liver tumours than in the normal adult liver. The genetic heterogeneity (high in the SV40 Tag-dependent tumours) and/ or the different grade of differentiation can explain the absence of Igf2 activation in a minority of liver tumours. An important consideration on the function of Igf2 in tumourigenesis also derives from these results. Although Igf2 activation was reduced only in early liver tumourigenesis, tumour development was significantly delayed in the pat D13 mice. This indicates that, at least in this experimental model, Igf2 expression is required for tumour formation since the very early pre-neoplastic stages of tumourigenesis.
In summary, our results support a model in which two different functions of the H19 DMD are involved in the control of Igf2 expression in the liver and at least one of these activities is under developmental control (Fig. 6) . On the maternal chromosome, the unmethylated DMD works as enhancerblocking barrier and insulates the Igf2 promoter from the downstream enhancers. On the paternal chromosome, the methylated DMD has a positive regulatory function. This activity is already present in neonatal liver, but becomes absolutely required together with that of the endodermal enhancer in later development and conditions in which Igf2 is reactivated in adult animals, such as during tumourigenesis. The positive function of the H19 DMD is liver-specific and becomes dispensable in the late stages of liver tumourigenesis. Our results and data reported by other groups (26) indicate that the maternal H19 DMD also has an activator function for the H19 gene. In addition, a silencer activity toward the H19 promoter has been attributed to the methylated paternal DMD (30) . This makes the H19 DMD a multi-functional and developmentally controlled regulatory region. Further experimental work is needed to identify the elements and the protein factors implicated in each specific activity.
MATERIALS AND METHODS

Materials
Oligonucleotides were purchased from PRIMM (Milano, Italy). 32 P-and 35 S-labelled isotopes were from Amersham (UK). Restriction enzymes were from New England Biolabs. All other materials were of the best grade commercially available.
Animals
The SV40-Tag 60-3, H19D13, H19D3 and H19DDMD mouse transgenic lines have been previously described (12) (13) (14) 23) . In order to distinguish paternal from maternal alleles at the Igf2 and H19 loci, animals of the CRP-Tag 60-3 line were maintained in a BALB/c background and the H19 deletion lines in a C57BL/6 background. Reciprocal crosses were then obtained between homozygote CRP-Tag 60-3 mice and animals heterozygote for each of the three H19 deletion lines. Igf2 and H19 expression was analysed in their progeny. The mice of each litter were typed for the presence of the H19D13, H19D3 or H19DDMD as described (12) (13) (14) . The 2-month-old females were treated with intraperitoneal injections of E. coli lipopolysaccharide (Sigma) for 3-90 days, as previously described (23) . The males were not treated and sacrificed between 120 and 180 days of age. Samples of pre-neoplastic liver and liver tumours were isolated in these animals and used for histological examination and nucleic acid analysis.
Isolation of DNA and RNA
Genomic DNA was prepared from tissues by standard proteinase K digestion and phenol-chloroform extraction methods. Total RNA was isolated using the single-step acid guanidinium thiocyanate-phenol-chloroform extraction method (31) .
H19 and Igf2 allelotype analysis
The MspI RFLP of the H19 gene and the VNTR of the Igf2 gene were analysed by PCR as described by Casola et al. (21) and Pedone et al. (32) .
RNase protection
RNase protection assays were carried out with the previously described Igf2-, H19-and Gapdh-specific probes (21, 22) . The Igf2 probe derived from the 3 0 untraslated sequence and detected transcript originated from all Igf2 promoters. The reaction conditions were those reported by Ungaro et al. (33) . RNA levels were quantified by scanning the gels using a Molecular Dynamics PhosphorImager and ImageQuaNT software. Figure 1 . The allele-specific DNA methylation of H19 and of the DMD is indicated as CH 3 . The positive regulatory actions of the DMD and endodermal enhancers on the expression of Igf2 and H19 are indicated by horizontal arrows. No data are available on the role of the maternal DMD in the control of H19 expression in late liver tumourigenesis (B, þ *). Note that the positive effect of the paternal H19 DMD on Igf2 expression is strong (thick arrow) in normal liver at post-natal day 14 and during early liver tumourigenesis (A), weak (thin arrow) in normal embryonic-neonatal liver and late liver tumourigenesis (B) and absent (no arrow) in tissues other than the liver (C). In addition, the positive effect of the maternal DMD on H19 expression is strong (thick arrow) in normal post-natal day 14 liver and in early liver tumourigenesis (A), weak (thin arrow) in normal embryonic-neonatal liver (B) and variable (broken arrows) (26) in tissues other than the liver (C).
